The processing of archetypal Japanese sushi involves microbial fermentation. The traditional sushi kaburazushi, introduced in the middle ages, is made by fermenting salted yellow tail, salted turnip, and malted rice, and is distinguished from the ancient sushi narezushi, made from fish and boiled rice. In this study, we examined changes in the microbial population during kaburazushi fermentation by pyrosequencing the 16S ribosomal RNA genes (rDNA) of the organisms in the fermentation medium. Ribosomal Database Project Classifier analysis identified 31 genera, among which Lactobacillus drastically increased during fermentation (150-fold increment over 8 d), while the relative populations of the other gram-positive bacteria (Staphylococcus and Bacillus) decreased. Basic Local Alignment Search Tool analysis revealed the dominant species to be L. sakei. This organism constituted approximately 90% of Lactobacillus and 79% of total microbiota. The taxonomic diversity and species richness (assayed by Shannon-Weiner Index and Chao 1, respectively) were not significantly different between middle-ages kaburazushi and ancient narezushi. Both types were characterized by the preferential growth of Lactobacillales.
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Modern Japanese sushi is made from non-fermented vinegar-treated rice and raw fish. By contrast, traditional sushi production involves fermentation and maturation facilitated by naturally occurring microbes, particularly Lactobacillales genera. Kaburazushi is an archetypal medieval sushi introduced to Japanese cuisine sometime in the Edo era (17-19th centuries) , and is still produced and consumed in Ishikawa, Hokuriku region of Japan (Fig. 1) . Kaburazushi comprises fillet of salted yellow tail (Japanese amberjack, Seriola quinqueradiata) sandwiched between salted turnip, which is piled up in a barrel with malted rice as fermentor.
1) It is fermented for 4-10 d until ready to be consumed. By contrast, the most ancient traditional sushi, narezushi, is made from salt-(and vinegar-)treated fish, and boiled rice is used instead of malted rice. Narezushi is fermented over a longer period than kaburazushi (exceeding 1 month), 2) and thus kaburazushi can be recognized as a mid-modern type. Lactic acid fermentation, accompanied by saccharification of starch by the malted rice, is responsible for the slight sweet-and-sour taste of the product. Kaburazushi is produced both domestically and commercially in Ishikawa, and is consumed mainly in winter, especially on the first day of the New Year.
Numerous reports have highlighted the dominance of lactic acid bacteria (LAB) in the fermentation of traditional sushi. Recently, Fujii et al. elucidated the microflora of Japanese funazushi (fermented crucian carp with rice) by PCR denaturing gradient gel electrophoresis (PCR-DGGE) of 16S ribosomal RNA gene (rDNA) fragments. They identified Lactobacillus plantarum and L. acetotolerans as the dominant bacteria. 3) Similarly, recently we performed 454-pyrosequencing of the 16S rDNA sequences of narezushi microbiota and found a predominance of variable LAB species. 4, 5) However, while ancient narezushi sushi has been extensively researched, the microbiota of medieval sushi cuisine such as kaburazushi have yet to be reported. In this study, we analyzed the microbiota of kaburazushi in detail using the 16S rDNA-based pyrosequencing approach. Pyrosequencing is a common technique for clarifying natural fermentation processes [6] [7] [8] [9] [10] [11] [12] or elucidating the influence of a starter inoculation on the ultimate microbial composition. 13, 14) The data obtained revealed the microbial dynamics of kaburazushi fermentation and the differences and similarities as between the microbial compositions of medieval and ancient sushi.
Materials and Methods
Samples. Kaburazushi was prepared by Shijimaya-Honpo Co. (Ishikawa, Japan). Yellowtail (S. quinqueradiata) were gutted and salted over approximately 1 month. Fillets of the salted fish were sandwiched between turnips, which had been similarly pre-salted over several weeks. The salted preparations were covered with malted rice and piled up in a barrel, followed by fermentation for 8 d at [13] [14] [15] C. Leaching supernatants were collected at 1, 2, 4, 6, and 8 d after the start of fermentation for analysis.
Determination of organic acid concentrations. Once fermentation was complete (8 d) , the leaching supernatant of kaburazushi was evaluated for organic acid contents by Dionex ion chromatography system ICS-1500 equipped with an Ion Pac ICE-AS6 column (9 Â 250 mm) (Dionex, Sunnyvale, CA).
Pyrosequencing. Pyrosequencing of bacterial 16S rDNA was targeted on variable regions V1 and V2, which have been reported to be useful for classifying LAB genera and species. 15, 16) The primers used in PCR-amplification were F8 (5 0 -AGAGTTTGATCATGGCT-CAG-3 0 , forward) and R357 (5 0 -CTGCTGCCTYCCGTA-3 0 , reverse). Their 5 0 -ends are flanked by specific adaptors (5 0 -CGTATCGCCT-CCCTCGCGCCATCAG-3 0 forward, and 5 0 -CTATGCGCCTTGCCA-GCCCGCTCAG-3 0 reverse) which were appropriate to the pyrosequencing equipment used, namely, the Genome Sequencer FLX System (Roche, Basel, Switzerland). Between the adaptor and primer sequences, short-tag sequences (5
0 , 5 0 -AGCAT-3 0 , and 5 0 -AGTGA-3 0 ) were inserted. These tags allow reads from different fermentation periods to be sorted in a single run (1, 2, 4, 6, and 8 d from the start of fermentation respectively). To prepare template DNA, the supernatants (400 mL) leached from kaburazushi were subjected to extraction with EZ-Extract for DNA (AMR, Gifu, Japan) and a Fast Pure DNA kit (Takara Bio, Ohtsu, Japan). The reaction was run using PrimeSTAR GXL DNA polymerase (Takara Bio) with 18 or 20 cycles of denaturation (94 C, 30 s), annealing (55 C, 30 s), and extension (68 C, 1 min). The average read length (347 bp) sufficiently covered the targeted variable regions.
16S rDNA-based taxonomic analysis. Sequence reads were analyzed manually by the Ribosomal Database Project (RDP) Classifier (http://rdp.cme.msu.edu/classifier/classifier.jsp). Reads obtained in FASTA format were assigned to genus levels with an 80% confidence threshold. 17) Species were determined by means of the Basic Local Alignment Search Tool (BLAST). Assignment of operational taxonomy units (OTUs) and calculation of Chao 1 (species richness) and the Shannon-Wiener index (taxonomic diversity) were carried out with the FastGroupII program. 18) Once the OTUs were determined, the 97% identity threshold was set and reads shorter than 300 bp were excluded.
Real-time quantitative PCR. The total bacterial population was determined by real-time quantitative PCR (qPCR). DNA samples, prepared for pyrosequencing as described above, were reused as qPCR templates. The 16S rDNA V3-V4 regions were amplified with 331-f (5 0 -TCCTACGGGAGGCAGCAGT-3 0 ) and 797-r (5 0 -GGACTACCA-GGGTATCTAATCCTGTT-3 0 ) as forward and reverse primers respectively.
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was used as TaqMan probe. Reaction mixtures were prepared with TaqMan Gene Expression Master Mix (Applied Biosystems, Foster City, CA), and the reaction was run on a 7300 Real-Time PCR System (Applied Biosystems) following the manufacturer's instructions. A standard curve for estimating cell numbers was constructed from serial dilutions of genomic DNA of an L. sakei strain isolated from kaburazushi. The populations of the various genera were estimated from the ratios of their reads to the total reads obtained by pyrosequencing analysis.
16S rDNA sequence analyses of isolated strains. Bacterial strains were isolated from fermenting kaburazushi and from the raw materials (salted turnip, salted yellow tail, and malted rice). The strains were cultured on de Man, Rogosa and Sharpe (MRS) agar plates (Becton, Dickinson and Co., Franklin Lakes, NJ). Genomic DNA was extracted from randomly selected isolates with a Wizard Genomic DNA Extraction Kit (Promega, Fitchburg, WI). Whole regions of 16S rDNA were amplified with the oligonucleotides F8 and R1510 (5 0 -ACGGY-TACCTTTGTTACGACTT-3 0 ) as primer pair. The amplified fragments were purified with a QIAquick PCR Purification Kit (Qiagen, Venlo, Netherlands), and then directly sequenced.
Results

Changes in kaburazushi microbiota as revealed by pyrosequencing analysis
The kaburazushi was sampled at different times during the fermentation process, and its microbiota was identified by pyrosequencing of 16S rDNA. The results are shown in Table 1 . A broad variety of genera (31 in total) resided in the fermentation brew. At the early fermentation stage (fermentation time 1 d), the microbiota were dominated by the genus Staphylococcus (14,342 reads, relative population 76%), and subdominated by Bacillus (3,557 reads, 19%). However, at the mid-to late-fermentation stages (4-8 d), Lactobacillus became the most abundant genus (18, ,306 reads, 75-86%), while the relative populations of Staphylococcus and Bacillus dwindled dramatically (to 8.3% and 1.5% at 8 d, respectively). These results indicate that Lactobacillus plays the leading role in kaburazushi fermentation and suppresses the growth of other bacteria. Enterococcus persisted throughout the fermentation process, but its population increased only slightly throughout the first 2-4 d and thereafter decreased, accounting for no more than 3% of total reads at the endpoint of fermentation (721 reads, see Table 1 ). Leuconostoc also slowly increased, but its population remained at less than 1% of total reads, even after 8 d (198 reads). The other bacterial genera were minor or absent (constituting 0-14 reads). Thus the major constituents of kaburazushi microbiota were Lactobacillus (middle to late stage) and Staphylococcus and Bacillus (early stage). Gram-negative rods and cocci were almost completely inhibited, possibly by the presence of their gram-positive counterparts. BLAST analysis assigned approximately 90% of the Lactobacillus reads to L. sakei throughout the fermentation process, while other Lactobacillus reads were mostly identified as L. curvatus (about 10%).
Changes in the total bacterial population during kaburazushi fermentation
Next we estimated the approximate total bacterial populations at each fermentation stage by qPCR assay of 16S rDNA (Fig. 2) . The bacterial population increased with time until the end point of fermentation by a 4.2-fold increment. Calculated cell numbers of the genus Lactobacillus were drastically higher at the end point of fermentation (154-fold higher than the population at 1 d) while the Staphylococcus and Bacillus counts declined by 2.2-and 3.1-fold respectively. L. sakei constituted 79% of the total bacterial population in the final product (8 d) . Thus the growth of this species was highly stimulated during the process of manufacturing kaburazushi.
Isolation of bacterial strains from kaburazushi and its raw materials
Next we isolated bacteria from kaburazushi during fermentation and from the raw materials using Lactobacillales selective medium (MRS), and analyzed their 16S rDNA sequences to identify the species (Table 2) . Among the 42 strains isolated during the fermentation process, 24 were identified as Lactobacillus (L. sakei (23 strains) and L. curvatus (1 strain)), 11 were identified as Leuconostoc (L. citreum (9 strains) and L. mesenteroides (2 strains)), and one strain was assigned to Enterococcus faecium. Six strains isolated ------------------------------------------------------------------------------------------------------------------- Genera constituting more than 2% of the total bacterial population are indicated in the upper inset. Phylogenetic classification by the RDP classifier was based on Table 1 . Total cell numbers were calculated by qPCR assay of 16S rDNA, as described in ''Materials and Methods.'' qPCR analysis was conducted in duplicate for each fermentation sample, giving essentially the same results. Average values are indicated in the figure.
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16S rDNA Pyrosequencing of Kaburazushi Microbiotaat the early stage were determined to be Staphylococcus carnosus. All of these exhibited more than 99% identity with their respective type strains, L. sakei
L. mesenteroides ATCC8293 (CP000414), E. faecium ATCC19434 (AJ301830), and S. carnosus ATCC51365 (AB009934). These results are consistent with the pyrosequencing data, according to which the kaburazushi microbiota are dominated by L. sakei. Note that Bacillus species were not isolated due to anaerobic culture conditions and the selectivity of the MRS medium.
L. sakei was not isolated from the raw materials, since it was a relatively minor factor in the early fermentation phase, as shown in Fig. 2 and Table 1 . A majority of the malted rice isolates were staphylococci. Salted turnip yielded a small number of LAB (Leuconostoc and Lactococcus), together with various gram-negative and positive rods and cocci. We could not isolate bacteria from the salted yellowtail, possibly owing to the high salt concentration due to pretreatment, which is usually performed at a concentration of more than 10%. 22) Several studies have found that certain strains of L. sakei exhibit significant salt tolerance (4-10%). 23, 24) L. sakei in kaburazushi might survive the salt-pretreatment phase of raw materials at low levels of population, prior to vigorous growth during the main fermentation stage.
Organic acid contents
Considerable quantities of lactic acid were detected in kaburazushi at the end point of fermentation (71 mg/100 mL in the leaching supernatant; see Table 3 ). The final pH value of the supernatant was 4.3. This is consistent with the vigorous growth of Lactobacillus revealed by culture-dependent isolation and pyrosequencing. Acetic acid was also detected (4.7 mg/100 mL), possibly produced by Bacillus and Staphylococcus, or by heterofermentative Lactobacillales L. sakei and Leuconostoc. Appreciable quantities of acetic acid have been found in an ancient narezushi product (8.3 mg/g of rice portion), which houses large populations of obligately heterofermentative Lactobacillus brevis and facultatively heterofermentative L. plantarum.
4)
Discussion
This study revealed in detail the microbiota of the traditional medieval sushi, kaburazushi. The taxonomic diversity and species richness of the kaburazushi microbiota were compared with those of ancient narezushi as previously reported by us (Table 4) .
5) The OTUs of six narezushi products ranged from 785 to 1,039, whereas 815 OTUs were determined for the final kaburazushi product (after 8 d of fermentation). Thus comparable numbers of ribotypes were present in kaburazushi and narezushi. Similarly, the Chao 1 richness estimator confirmed that species richness differed little between them, although it is slightly lower in kaburazushi (2,534-3,528 in narezushi versus 2,385 in kaburazushi). The species diversity of the microbiota was not significantly different (the Shannon-Weiner indices were 1.69-2.60 for narezushi and 1.91 for kaburazushi). Thus the microbiota compositions are statistically comparable in medieval kaburazushi and ancient narezushi, despite the extended fermentation period of the latter.
The growth of certain Lactobacillales species was vigorous in both kaburazushi and narezushi, despite the species difference between the types. As summarized in Table 4 , the dominant LAB constituents of narezushi were L. plantarum (narezushi C, E, and F), Lactobacillus acidipiscis (narezushi B), L. sakei (narezushi D), and Pediococcus ethanolidurans (narezushi A). The major LAB in kaburazushi was L. sakei, which dominated only in narezushi D. These naturally occurring LAB grow even in the absence of starter culture in the production process. Many studies have reported a ------------------------------------------------------------------------------------------------------------------ repressive effect of LAB on the growth of undesirable bacteria. 25) In kaburazushi, such a biopreservative effect might naturally emerge in the observed microbiota dynamics, allowing L. sakei to dominate from a small initial population (Table 1 and Fig. 2) . It is worth investigating whether vigorous growth of L. sakei is common characteristic of kaburazushi, or whether dominant LAB differs greatly between the products as seen in narezushi. Also, we cannot rule out the possibility that microbiota compositions differ even in one fermentation bottle. Aerobic conditions might vary depending on position inside the barrel, and hence microbial composition should be assessed in detail at different depths. These issues will be addressed in our next study.
LAB show various auxotrophic patterns in the presence and the absence of amino acids and vitamins, suggesting that nutritional content influences the microbial community. One significant difference between kaburazushi and narezushi production is the use of malted rice in the former, which might accelerate the degradation of starch and the release of amino acids or peptides from the raw materials. The presence of malted rice might also specifically stimulate rapid growth of L. sakei, thereby reducing the fermentation period of the sushi. As is well-known, L. sakei grows in the starter brew of Japanese sake, kimoto, in which malted rice is maturated in water. 26) Yamaji et al. have reported that the growth of L. sakei in kimoto is regulated by the amount of linoleic acid and peptide-forming asparagine from the malted rice at the early fermentation stage. 27) Considering the microbiota dynamics observed for kaburazushi in this study, it is plausible to speculate that the dominant constituents of early-stage fermentation, Bacillus and Staphylococcus, produce the components necessary for L. sakei growth. Although L. sakei dominated in Narezushi D, this product had undergone long-term fermentation (exceeding 1 month), very differently from the fermentation conditions for kaburazushi. During this extended time, despite the absence of malted rice, nutrition conditions similar to those of kaburazushi may have evolved, stimulating the growth of L. sakei.
Modern Japanese sushi is prepared with vinegartreated boiled rice instead of malted rice. The added vinegar might replace the organic acids generated by microbial fermentation in ancient and medieval sushi. Thus, although malted rice is unnecessary in modern sushi production, the results of this study suggest that sushi production has been evolved toward achieving the desired microbiota within shortening fermentation periods. To elucidate these issues, further detailed studies of multiple kaburazushi samples and different types of traditional sushi with and without malted rice are needed. ----------------------------------------------------------------------------------------------------------------- 
